SUPPORTING INFORMATION MATERIALS AND METHODS

Sample preparation
The protein was expressed and purified according to previously published protocols [1, 2] . For the current 15 N relaxation studies the E73V variant of human VDAC1 was prepared in U-2 H, 15 N-labelled form and solubilized in 2% LDAO micelles. Perdeuteration was achieved by expressing in a minimal medium with 100% D2O, perdeuterated unlabelled glucose and 15 N-ammonium chloride. The final E73V hVDAC1 concentration was 0.8 mM, pH 6.8, in 20 mM Bis-Tris, 7%/93% D2O/H2O.
NMR spectroscopy
The TROSY-based pulse sequence for measurement of 15 N-R2 relaxation rates was adapted from the original R1ρ pulse program [3] where an appropriate CPMG block was introduced ( Supplementary Fig. 4 ). The sequence was tested on 15 N-labelled ubiquitin and yielded within the experimental accuracy the same 15 N-R2 rates as determined with HSQCbased schemes [4, 5] (data not shown). 15 N-R1 values were measured using the published TROSY-based pulse sequence [3] ( Supplementary Fig. 4 ). 15 N-R1 and 15 N-R2 relaxation experiments were recorded on 600, 700 and 900 MHz
Bruker Avance III spectrometers equipped with cryogenic probes. For all measurements the temperature was carefully adjusted to 37 °C using a standard sample of ethylene glycol. To achieve nearly complete signal recovery in between experiments, the recycle delay was set to 5 s. Further experimental parameters are shown in Supplementary Table 4 .
Relaxation data analysis
Relaxation rates were obtained by 2-parameter non-linear mono-exponential fits of the obtained signal intensities over the applied relaxation delays using the MacDonald algorithm [6] . Errors were determined from the variance-covariance matrices. Only non-overlapping signals from the 2D To subtract the high-frequency components of the spectral density functions, determination of ρ=(2 R2'/R1'-1) -1 would be required [7] , where
R1'= R1[1-1.249|γN/γH|(1-NOE)]
R2'= R2-1.079|γN/γH|R1(1-NOE) [8] NOE is the heteronuclear steady-state NOE, ρ contains information on the principal values of the diffusion tensor and on the orientation of the N-H vector with respect to the diffusion tensor frame [3, 9] . The deviation of R1' and R2' from R1
and R2, respectively, is 1-3.5 %, assuming NOE values of 0.70 and above towards the theoretical limit (NOE max (600 MHz) = 0.84, NOE max (700 MHz) = 0.86 and NOE max (900 MHz) = 0.89 for S 2 = 1.0, int = 0 ps, τc = 40 ns and R1 = 0.3 s -1 (700 MHz); see Supplementary Fig . 5B) as found among structured protein regions. Thus, the above described analysis is only necessary, when highly accurate measurements are available, for example in case of small soluble proteins such as the GB3 domain [3] , the error of the experimental relaxation rates is below 1% and the NOE is measured with comparably high accuracy. In case of detergent-solubilized membrane proteins, experimental errors are generally larger (see for example Supplementary The DD and CSA contributions can be expressed in terms of spectral density functions J() as:
with amplitudes
⟨ r NH −3 ⟩ is the vibrationally averaged N-H bond distance,  is the anisotropy of the axially symmetric 15 N shielding tensor, B0 is the external magnetic flux density and N is the 15 N chemical shift.
Rex represents the contribution to transverse relaxation rate R2 from motions slower than the overall tumbling but fast enough to average chemical shifts (in the range from μs to ms). Rex is proportional to the square of the chemical shift difference between exchanging states, , and to N. It can affect the apparent transverse relaxation rate only when ≠ 0 [10] . An efficient way to check the potential presence of Rex is therefore to plot the ratio of R2 rates at two magnetic fields, R2(B1)/R2(B2), as a function of residue number. Application to the relaxation rates of E73V hVDAC1 did not provide evidence for Rex (Fig. 1c) .
In the formulation of model-free approaches (MFA), spectral density functions describe the overall tumbling as isotropic with a correlation time R. Because even small degrees of motional anisotropy influence relaxation rates, reorientational anisotropy has to be taken into account to avoid determination of false parameters of internal motion. To this end, model-free approach spectral density functions are combined with a spectral density function, which describes anisotropic molecular tumbling. The latter comprises five terms and is given as [11] :
Correlation times i are expressed by the principal components, Dk, of the rotational diffusion tensor according to: Ai is normalized according to (A1 + A2 + A3 + A4 + A5 = 1). The model-free spectral density function of an anisotropically tumbling molecule according to the formalism by Lipari and Szabo [12, 13] can thus be rewritten as
The spectral density function for the extended model-free approach (EMFA) of an anisotropically tumbling molecule is then (assuming the existence of an additional slow motion, with the order parameter Ss 2 and its internal time τint,s, being outside the extreme narrowing limit and slower than Sf 2 but faster than molecular tumbling):
. The indices f and s correspond to fast and slow internal motions, respectively.
1074 experimental 15 N-R1 and 15 N-R2 rates of E73V hVDAC1 from the three static magnetic fields (proton frequency of 600, 700 and 900 MHz) were fitted according to four different models of internal motion: (i) a 2-parameter MFA with the order parameter S 2 and the time scale for internal motions τint (Supplementary Fig. 6 ), (ii) a 3-parameter MFA [12, 13] including an additional Rex term, (iii) a 4-parameter EMFA, and (iv) a 5-parameter EMFA [5, 14] , corresponding to the following models for local dynamics: (1) 
, where the sum is over M relaxation data for each of the N residues of E73 hVDAC1, and Pij,calc are the appropriate relaxation parameters calculated from the assumed model of internal motion. ij are the standard deviations of the experimentally derived Pij,exp. The global target function consists of the sum of partial target functions i , which characterize the fit quality for the i th residue [15] . The final comparison of the global search results revealed that the simple 2-parameter MFA analysis fully reproduced the experimental inpu). Inclusion of an additional Rex term (model 2)
or additional slow motions (models 3 and 4) [14] did not provide statistically better fits (see below). The finding that the simplest 2-parameter model is sufficient for description of the ps-ns time scale dynamics of E73V hVDAC1 is in agreement with the magnetic field dependence of the 15 N-R2 rates for each individual residue (Fig. 17) . Notably, a large set of deposited relaxation parameters observed in globular proteins could be explained by the 2-parameter model [5] .
Validation of the correctness of the relaxation model [ (1) to (4) Ftabl(p2-p1,n-p2;) thus Ftabl(537,173;0.05)=1.23
Relaxation data comprised 179 pairs of R1, R2 (n=1074) for 600 MHz, 700 MHz and 900 MHz. The p1 and p2 stand for the numbers of parameters used for each of four models. In all cases, Fobl< Ftabl at two applied confidence levels, indicating that the simple two-parameter model for local motions is sufficient to describe the internal mobility of E73V hVDAC1.
The diffusion tensor parameters τC, A and η are used as input in Xplor-NIH [16] [17] [18] [19] for structure refinement against the experimental 15 N-R2/R1 rates. We determined initial values for τC, A and η (Supplementary Table 6 ) through the model-free approach described above. Although this requires the coordinates of the protein, it is more reliable than a histogram approach, which is employed for residual dipolar couplings [17] . For the model-free analysis we used the X-ray structure of VDAC1 from mouse (mVDAC1) (PDB id: 3EMN) [20] . The resulting tensor parameters were used for refinement of the 3D structure of E73V hVDAC1 against 124 R2/R1 ratios in Xplor-NIH. The calculated ensemble of lowest energy conformations was well converged (Fig. 1b) . Next, the lowest energy conformer was selected, the directional cosines were recalculated, and the experimental relaxation rates were again fitted with the 2-parameter MFA model (1) (local Sf 2 and τint,f parameters and 6 global parameters for fully anisotropic motion). This resulted in similar tensor parameters (Supplementary Table 6 ). The refined set of tensor parameters was again used for structure calculation and yielded virtually the same coordinates (in line with the results in Supplementary Fig. 7 ). To further validate the possible impact of diffusion tensor parameters on the resulting ensemble of structures, we intentionally varied the anisotropy (A) and rhombicity (η) of the diffusion tensor and repeated the structure calculations (Supplementary Fig. 7 ). In agreement with previous studies for protein complexes [21] , ±0.2 unit changes on anisotropy and 50-100% changes in rhombicity did not perturb the refined 3D structure. Indeed, τC was the most stable parameter with respect to the input directional cosines [5] .
Structure calculations, experimental restraints and refinement
Structure determination of E73V hVDAC1 was performed in two steps using the Xplor-NIH software platform [16] . First, an initial set of conformations was obtained by folding the extended polypeptide chain against backbone torsion angles and side-chain 1 angles, which were estimated by TALOS-N [22] on the basis of the experimental chemical shifts, together with distance restraints from a 3D 15 N-edited HMQC-NOESY experiment, as well as hydrogen bond restraints that were verified by hydrogen/deuterium exchange experiments [1] . Details of the simulated annealing protocol, further on called Protocol 1, are listed in Supplementary Table 1. Subsequently the lowest energy structures were refined using the second protocol, named Protocol 2 (Supplementary Table 7) , which introduced the diffusion anisotropy energy terms [17] . We further tested different multidimensional torsion angle data base potentials, the 2D/3D QUARTS potential [23] [24] [25] , as well as the torsionDB potential [18] . Overall, the two potentials provided comparable results, in agreement with previous reports [18] . Because hVDAC1 is solubilized in micelles, we did not use global packing potentials, such as the radius of gyration term (R gyr ) [16] , which were optimized for soluble proteins. We also resigned from the hydrophobic contact potential (residueAffPot), which contains low-resolution information on hydrophobic contacts [26] , because a -barrel protein such as VDAC does not have a typical hydrophobic core.
According to experimental backbone chemical shifts (analyzed by the program PROMEGA [27] ) and NOE cross-peak patterns, Pro 
hVDAC1 as reported in the 2K4T structural ensemble, (c) hVDAC1 calculated exclusively from the NOE and CSderived angular data reported by Bayrhuber and co-workers [1] with Protocol 1. Structures are colored from the N-to the C-terminus from blue to red. NOE-based and chemical shift-derived restraints do not accurately define the shape of the hVDAC1 barrel.
Suppl. Figure 4 | TROSY-based NMR pulse sequences for measurement of 15 N-R1 and 15 N-R2 pulse programs in highmolecular weight proteins. For each experiment the appropriate temperature compensation block (T-comp) was used (not shown in the scheme for clarity). For further details please see [3] .  in the T2-relaxation block was set to 1.0 ms. 15 N-R2/R1-ratios (pink) with values back-calculated from the 3D structure (blue) at 600 MHz (a), 700 MHz (b) and 900 MHz (c). In each panel upper and lower diagrams represent R2/R1-ratios that were back-calculated from the crystal structure of mVDAC1 (PDB id: 3EMN) and the lowest-energy structure of E73V hVDAC1 (Fig. 1b, 4 th column), respectively. Error bars were omitted for clarity. The average error of the measured relaxation rates is listed in Supplementary Table 5 and is comparable to the average r.m.s. between backcalculated and experimental R2/R1-ratios. (d) The circilar cross-validation of the 10% back-calculated and experimental R2/R1-ratios (from three magnetic fields) from 10 separate calculations for the lowest-energy structures refined adainst remaining 90% of R2/R1-ratios. Orange dots come from the N-terminal helix residues.
Suppl. Figure 5
Suppl. Figure 9 | Comparison of experimental
Supplementary Table 1. Protocol 1 used for structure calculation. Xplor-NIH protocol for folding protein structures from an extended polypeptide chain against NMR-derived restraints.

Step 1: Generation of extended strand conformation.  Step 2: Torsion angle randomization.  Step 3: High temperature torsion angle dynamics using NOE-derived distances, TALOS-N-derived torsion angles. Duration 800 ps.  Step 4: Simulated annealing.  Step 5: Final gradient minimization first in torsion angle space and then in Cartesian space.
Parameters for simulated annealing:
Starting temperature 3000 K Final temperature 100 K Temperature steps 12.5 K Duration of simulations at every temperature: 0.5 ps or 8000 steps of molecular dynamics, whatever happens first.
The following potentials and force constants were used: Supplementary Table 2 . NMR constraints and structural statistics for the ensemble of 20 lowest-energy structures of E73V hVDAC1 (Fig. 1b, third from left) Generously allowed regions 5.2%
NOE-based distance constraints
Disallowed regions 1.8% a) Analyzed for residues 1 to 285 b) There are 256 residues with conformationally restricting constraints. c) Calculated for all constraints for the given residues, using sum over r -6 . d) Largest constraint violation among all the reported structures. e) Residues with sum of phi and psi order parameters > 1.8. Ordered residue ranges: f) Residues selected based on: all residues Selected residue ranges: all g) With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues, resolution <= 1.80 Å, R-factor <= 0.25 and R-free <= 0.28; a more positive or smaller negative value indicates a 'better' score. Table 3 . NMR constraints and structural statistics for the ensemble of 20 lowest-energy structures of hVDAC1 calculated with Protocol 1 on the basis of the NMR constraints reported by Bayrhuber et al. [1] ( Fig. 1b, second from left) Generously allowed regions 4.3% Disallowed regions 2.8% a) Analyzed for residues 1 to 285. b) There are 256 residues with conformationally restricting constraints. c) Calculated for all constraints for the given residues, using sum over r -6 . d) Largest constraint violation among all the reported structures. e) Residues with sum of phi and psi order parameters > 1.8. Ordered residue ranges: f) Residues selected based on: all residues Selected residue ranges: all g) With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues, resolution <= 1.80 Å, R-factor <= 0.25 and R-free <= 0.28; a more positive or smaller negative value indicates a 'better' score. Below the table the inertia moment tensors (as 3×3 matrices) in the gravity center of different coordinates (specified by the PDB id) are listed together with the corresponding eigenvalues. Missing protons were added by PyMOL [28] . with σ(min) = 1.5 and σ(min) = 2.5, and remaining parameters as specified in the program by default. The normalized scalar products beetween the HYDRONMR-predicted diffusion tensors from the raw protein coordinates are as follows: 2JK4 mVDAC1 X-ray, 3EMN 5JPD -0.58247 0.40055
Supplementary
NOE-based distance constraints
Supplementary
In addition normalized scalar products [30, 31] between the fitted diffusion tensors to different coordinates (NMR R2/R1-refined -5JPD or mVDAC1 X-ray of 3EMN) with the experimental relaxation data are listed.
NMR R2/R1-refined (744) mVDAC1 X-ray, 3EMN
NMR R2/R1-refined (1074) 0.99759 0.87770
The Euler angles [31] as determined from the best solution global search fit of the 1074 relaxation rates according to MFA (model 1) to the NMR R2/R1-refined structure (PDB id: 5JDP) are as follows: ϑ = 19.8°, φ = -0.9°, ψ = -33.5°; The angles define the spatial orientation of the diffusion tensor frame to the molecular frame of the protein which was set to the frame of the inertia tensor. As their values are not far from zero one can conclude that the detergent molecules (here LDAO) slightly influence the diffusive motion of the protein. Table 7 . Protocol 2 used for structure calculation. Xplor-NIH protocol and energy terms used for the refinement of NMR structures against 15 N-R2/R1 relaxation rates.

Step 1: Reading of the coordinates obtained from Protocol 1  Step 2: Powell minimization of geometry, fixing idealized geometry  Step 3: High temperature torsion angle dynamics using NOE-derived distances, TALOS-N-derived torsion angles and 15 N-R2/R1 restraints. Duration 800 ps.  Step 4: Simulated annealing.  Step 5: Final gradient minimization first in torsion angle space and then in Cartesian space.
Parameters for simulated annealing:
The following potentials and force constants were used: Fig. 1B, fourth row) . Structure quality factors were determined using PSVS 1.5 (http://psvs-1_5-dev.nesg.org) and iCING [32] . Generously allowed regions 1.9 % Disallowed regions 0.6 % a) Analyzed for residues 1 to 285. b) There are 256 residues with conformationally restricting constraints. c) Calculated for all constraints for the given residues, using sum over r -6 . d) Largest constraint violation among all the reported structures. e) Residues with sum of phi and psi order parameters > 1.8. Ordered residue ranges: f) Residues selected based on: all residues Selected residue ranges: all g) With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues, resolution <= 1.80 Å, R-factor <= 0.25 and R-free <= 0.28; a more positive or smaller negative value indicates a 'better' score.
NOE-based distance constraints
